Heart valve disease is an increasing clinical burden for which there is no effective treatment outside of prosthetic replacement. Over the last 20 years, clinicians have increasingly preferred the use of biological prosthetics to mechanical valves despite their superior durability because of the lifelong anticoagulation therapy that is required. Mechanical valve surface engineering has largely focused on being as nonthrombogenic as possible, but despite decades of iteration has had insufficient impact on the anticoagulation burden. In this study, we systematically evaluate the potential for endothelialization of the pyrolytic carbon surface used in mechanical valves. We compared adsorbed adhesion ligand type (collagen I, fibronectin, laminin, and purified adhesion domain fragments GFOGER and FN 7-10 ) and concentration on endothelial adhesion rates and adhesion strength on Medtronic-Hall prosthetic valve surfaces. Regardless of ligand type or concentration, endothelial adhesion strengthening was insufficient for their intended ultra-high shear stress environment. We then hypothesized that microfabricated trenches would reduce shear stress to tolerable levels while maintaining endothelial access to the flow stream, thereby promoting a confluent and anticoagulant endothelial monolayer. Computational fluid dynamics simulations predicted an empirical relationship of channel width, depth, and spacing that would maintain interior surface shear stress within tolerable levels. Endothelial cells seeded to confluence in these channels retained a confluent monolayer when exposed to 600 dyn/cm 2 shear stress for 48 h regardless of applied adhesive ligand. Furthermore, sheared EC expressed a mature anti-coagulant profile, including endothelial nitric oxide synthase (eNOS), VE-cadherin, and significantly downregulated plasminogen activator inhibitor-1 (PAI-1). As a final test, channeled pyrolytic carbon surfaces with confluent EC reduced human platelet adhesion 1000-fold over pyrolytic carbon alone. These results advance a promising biohybrid approach to enable active moderation of local coagulative response in mechanical heart valves, which could significantly extend the utility of this important treatment for heart valve disease.
Prosthetic implantable devices remain an essential component of healthcare as the clinician's last line of defense for the treatment of serious cardiovascular disease. These devices include ventricular assist devices, total artificial hearts, mechanical heart valve replacements, and vascular stents. Each design is optimized to generate and/or maintain blood flow, which requires mechanical durability but also necessitates that the surface of the materials from which they are comprised to be in direct and continuous contact with blood. Research and clinical findings over 40 years of the so-called "first generation" of biomaterial design established that only a small set of biomaterials were suitable for implantation, including cobaltechromium, titanium, silicone, expanded poly(-tetrafluoroethylene) (ePTFE), and some poly(ethylene) polymers [1] . The primary quality of each of these materials was that they did not elicit an inflammatory or immune response from the host. The fundamental clinical drawback from using these devices remains its hemocompatibility, or ability to function in contact with blood without inducing inappropriate clotting response. Biomaterial contact with blood can induce spontaneous coagulation through both extrinsic and intrinsic pathway cascades [2, 3] . The formation of a clot can lead to local occlusion of the device, or a component can break off and occlude a distal vessel, most often leading to a stroke. As these thromboembolic events are highly unpredictable and very serious, clinicians administer anti-coagulant and antithrombotic cocktails to reduce these risks. Warfarin is most often prescribed for its multifaceted inhibitory properties, but antiplatelet, anti-thrombin (e.g. Dabigatran etexilate), and heparinlike molecules, and aspirin are also prescribed depending on the circumstances [4, 5] . While reducing the risk of clot formation, these drugs also cause an increase in the risk of internal bleeding events, such as gastrointestinal bleeding and brain hemorrhages. Maintaining this tight balance of pro-and anti-coagulation behavior is further compounded by the fact that the coagulability of blood is dependent on the demographics and activity levels of the patient [6, 7] . Despite the significant occupational and lifestyle limitations to which these patients are subjected, a 2e4% annually cumulative risk of major bleeding event is expected [8] . The superior mechanical durability of these devices, especially in the case of mechanical heart valves, has led some to propose that there would be no need for bioprosthetics if coagulation could be better controlled [1] .
The first step of surface contact-induced coagulation is through platelet adhesion and activation. While hemodynamic conditions created by some devices can induce platelet activation in the blood stream, circulating platelets will readily adhere to a biomaterial surface if there are any adsorbed proteins [9] . Many attempts have been made to render prosthetic surfaces non-fouling through polymer coatings, but in vivo results to date suggest that these coatings are susceptible to cracking and wear [1,10e12] . Similarly, Milner and colleagues implemented a nano-pillar array to reduce the contact area for platelet adhesion [13] . Etching and surface texturing has also shown to modulate platelet adhesion in vitro, but results in vivo have been lacking [14, 15] . Given that these devices are intended to last the rest of the patient's lifetime once implanted, it is likely impossible to ensure no protein adhesion to these surfaces with a passive process. In contrast, immobilizing anticoagulant and/or anti-thrombotic molecules on biomaterial surfaces (e.g. thrombomodulin) has also suggested an improvement in hemocompatibility [16] , but it is likely difficult to control coagulation using only one species in the cascade.
It is well known that endothelial cells, which line all natural blood contacting surfaces, are the ideal anti-coagulant and antithrombotic agent [17e19]. Endothelial cells secrete nitric oxide (NO), produced through the enzyme endothelial nitric oxide synthase (eNOS), which inhibits clot formation through a number of effects, including vasodilation, inhibiting the thromboxane receptor A2 (TXA2), and downregulation of adhesion receptors such as Pselectin and GPIIb-IIIa [20e22]. Endothelium also secretes tissue plasminogen activator to dissolve fibrin clots and thrombomodulin to inhibit the coagulation cascade [23, 24] . Conversely, endothelium can induce clot formation as an injury response through the expression of von Willebrand Factor (vWF), Tissue Factor (TF), and/ or plasminogen activator inhibitor-1 (PAI-1) [25] . Endothelial cells ensure a confluent surface layer by the formation of tight adherens junctions comprised of a number of molecules, including vascular endothelial cadherin (VE-Cad) [26] . Disruption of these junctions and/or exposure to the subendothelial tissue matrix can also induce platelet activation and aggregation. Endothelial function is directly modulated by hemodynamic signaling, namely wall shear stress, which permits natural real-time tuning of the coagulation response [27, 28] . Recently, Douglas and colleagues enhanced NO production in endothelium in mice using GTP-cyclohydrolase 1 overexpression, and showed that robust healthy endothelial activity was better at reducing in-stent restenosis and clot formation than drug eluting stents regardless of strut design [29] .
Endothelialization of cardiovascular biomaterial surfaces has been studied for over 30 years, most often for synthetic vascular grafts. Many studies have shown that grafts with an intact endothelial monolayer perform better and last longer than those without endothelium. Achieving confluent endothelial coverage however has been extremely challenging, in particular for long grafts where natural endothelial migration across anastomoses is of little benefit while ex vivo seeding is incomplete [30] . Strategies used to enhance endothelial coverage include enhancing bulk material porosity, surface texturing, and coating with cell adhesive peptides [31, 32] . The operating range of shear stress in blood vessels is generally <50 dyn/cm 2 , which suggests that once adhered an endothelial cell will not likely be detached mechanically [33] . This is not the case with mechanical prosthetic heart valves, where surface shear stresses regularly exceed 500 dyn/cm 2 , far greater than what endothelium on tissue culture polystyrene can withstand (~80 dyn/cm 2 ) [34, 35] . Only one study to date has tested whether endothelial cells could adhere to the mechanical valve surface. While a confluent monolayer was present on all the components after 1 week in culture, virtually all the cells were lost after only 1-h implantation in the mitral position of a pig [36] . The authors concluded that pyrolytic carbon was not a suitable substrate for endothelial retention under high shear stress, but no quantitative analysis was made nor complementary adhesion strategies attempted. Recent studies have identified specific motifs on extracellular matrix ligands that increase cell adhesion strength and also modulate adherent cell phenotype [37e39]. The objective of this study therefore was to determine the effects of ligand-mediated adhesion strengthening on endothelial coverage on pyrolytic carbon surfaces exposed to fluid flow. In addition, we tested the effect of local surface shear stress reduction via microfabricated trenches on endothelial adhesion, retention under high shear stress in vitro, and hemostatic phenotype.
Materials and methods

Endothelial cell isolation and culture
Aortic valve endothelial cells (EC) were isolated from healthy porcine aortic valves were collagenase digestion as previously described [40, 41] . ECs were cultured in Dulbecco's Modified Eagle's Medium (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen), 3.7 g/L sodium bicarbonate (Cell Grow), 1% penicillin-streptomycin (Gibco), and 50 mg/L heparin salts (Sigma Aldrich). Cells were grown at 37 C and 5% CO 2 and used between passage number 3 and 5.
Cell adhesion experiments
Medtronic-Hall prosthetic valve discs (25 mm diameter, kind gift from Medtronic, Inc.) were chosen because of their flat, large surface-area profile. Disc surfaces were temporarily divided into equal geometric regions with silicone isolation gaskets, and regions coated for 1 h with either type I collagen (Coll I, BD Biosciences), human fibronectin (FN, BD Biosciences), recombinant human laminin (Sigma), a recombinant fibronectin 7-10 fragment (FN [7] [8] [9] [10] ) [39, 42] , or collagen-mimetic GFO-GER triple helical synthetic peptide [43] at 10 mg/mL in PBS with untreated controls.
This was followed by blocking of nonspecific binding with incubation in 5% nonfat dry milk in PBS for 1 h. EC were first fluorescently labeled with CellTracker RED (CTMX, Molecular Probes) according to the manufacturer's instructions. After rinsing the surfaces in PBS, 50 mL suspensions containing 10,000 labeled cells in PBS were inoculated in each well and adhesion assessed at 10, 20, 30, 40, and 50 min. Non or poorly adherent cells were dislodged by rotary shaker for 1 min at 60 rpm and then aspirated. Each region was then imaged via fluorescence microscopy and adherent cells counted via color thresholded particle image analysis using ImageJ (NIH). Next, disc regions were incubated with single proteins or peptides as above at concentrations ranging from 0.1 to 20 mg/mL in PBS for 1 h followed by blocking in 5% dry milk as before. After rinsing, similar suspensions of cells were inoculated and adhesion quantified after 10 min as before.
Cell adhesion strength measurement
A parallel plate shear bioreactor was modified from our previously described system to accommodate the Medtronic-Hall discs [44] . Briefly, discs were placed in a polycarbonate mold on top of a glass slide and the surfaces not touching the glass were surrounded with a 1% agarose gel. The system was inverted and the glass removed to reveal the pyrolytic carbon surface. This assembly was then placed inside a chamber with three separate flow domains with geometry designed to create relative wall shear stress zones of 1Â, 5Â, and 10Â, with samples in triplicate. Shear stress was created by pulse dampened peristaltic pump (Master Flex, Cole Palmer) at flow rates of 80e320 mL/min, using different tubing sizes to achieve predicted shear stress levels from 0 to 60 dyn/cm 2 . Shear stress levels in each region were verified by injection of 9.7 ± 0.4 mm polymer microspheres (Thermo Scientific) in PBS and tracking via time-lapse microscopy (Zeiss V20 stereomicroscope and Sony DXC_390 camera). Digital recordings (Streampix with pixel-linked video-converter) were converted using Virtualdub 1.6.14, velocity profiles measured by particle tracking via ImageJ, and converted into shear stress. Fluorescently labeled EC were seeded as before and subjected to 10 min of steady shear flow. Adherent cell fractions were quantified as before, and the data for each adhesion ligand converted fit to a sigmoidal curve to establish 50% adhesion strength as previously described [37] .
Computational analysis of flow across surface channels
ANSYS FLUENT was used to generate 2D and 3D geometric simulations of flow over the surface of a model prosthetic heart valve with varying trench geometries. Blood was approximated as Newtonian with a viscosity of 0.0037 Pa-s and density of 1060 kg/m 3 . Channel depth, width, and spacing were varied and channel surface shear stress was measured along its length (in 2D) with the objective to maintain shear stress in a stable adhesive zone based on the previous adhesion strength measurements. Flow within the chosen channel geometry was then simulated in 3D using a ¼ symmetric region of valve in an idealized open configuration under steady flow. Inlet flow rate was set at normal cardiac output of 70 mL/min. In addition, ultra-high shear flow through the bioreactor geometry was quantified using ANSYS FLUENT simulations using input flow rate specified the pump/tubing parameters, as bead tracking was not possible with imaging frame rates available. For these in vitro studies using culture media, fluid parameters were approximated as Newtonian with a viscosity of 0.00095 Pa-s and a density of 1000 kg/m 3 .
Microfabrication and characterization of carbonized surface channels
As the Medtronic-Hall material was unable to be machined, we fabricated additional pyrolytic carbonized metallic surfaces. Polished silicon wafer (Silicon Quest) was cut into 1 cm 2 squares and coated with 75 nm carbon via gas evaporation (CVC SC4500 Evaporator, Cornell CNF). Regions were cut into individual samples using a dicing saw (KS 7100, Cornell CNF). Each sample was then carbon coated via gas evaporation as before. X-ray photoelectron spectroscopy (XPS, Surface Science Instruments SSX-100) was conducted at wide and narrow bands to compare the pyrolytic carbon surface chemical composition of both materials. Materials were then steam sterilized for use in experiments. As an additional confirmation of the surface characteristics, we compared the time-dependent adhesion of EC on the surface of each material, pre-coating with 10 mg/mL of fibronectin or collagen I as before.
Ultra-high shear stress testing of EC seeded micropatterned surfaces
Patterns with defined channel geometry within 1 cm 2 square regions were created and etched (Oerlikon, Cornell CNF) into a 1-mm thick silicon wafer (SVM).
The channeled pyrolytic carbon surfaces were next coated with either 10 mg/mL collagen I or 10 mg/mL fibronectin for 1 h as before. EC were seeded onto the carbon surfaces at a density of 50,000 cells/cm 2 as before. The samples were then placed in the middle flow path of the bioreactor, and the other two were sealed to maximize the flow rate across the surfaces. Samples were run at maximum flow rate through the peristaltic pump for 48 h, which we previously determined approximates a chronic endothelial phenotype [41] . Cell retention over time was evaluated by CellTracker Red CMTPX labeling followed by fluorescent imaging. After 48 h shear, samples were immediately fixed in either 4%PFA or 100% methanol. Samples fixed in PFA were permeabilized with 0.2% Triton X (BD) and blocked with 1% BSA overnight at 4 C (Rockland). Samples were then incubated with primary antibodies to PECAM/ CD31 (1:400, AbD Serotech), VE-Cadherin/CD144 (1:400, AbD Serotech), eNOS (1:400, BD Transduction Laboratories), and plasminogen activator inhibitor-1 (PAI-1, 1:100, Santa Cruz Biotech) overnight in 4 C. Fluorescent secondary antibodies (AlexaFluor) were then applied, in some cases with Hoechst DNA counterstain (1:10,000, Invitrogen). Samples were then imaged using a Zeiss LSM710 confocal microscope.
Human platelet adhesion tests
Blood was collected by venipuncture of healthy donors after informed consent based on Cornell Institutional Review Board (IRB) approved protocols. Human platelets were isolated from whole blood and labeled with Cell Tracker Green (Molecular Probes) as previously described [45] . Carbonized channel surfaces were pre-coated with either collagen I or fibronectin (10 mg/mL) or left uncoated. A subset of coated surfaces were also seeded with EC at a density of 50,000 cells/cm 2 as before. Samples were either cultured statically or at 600 dyn/cm 2 surface shear for 48 h. After which, samples were removed from the bioreactor, rinsed in PBS, and then exposed to freshly isolated human platelets for 1 h. Samples were then rinsed with PBS and adhered platelets quantified using ImageJ. Experiments were repeated in triplicate with platelet isolation from three different patients.
Statistics
A minimum of 6 independent experiments were conducted per condition and time point. Data was compared using Analysis of Variance followed by Tukey modified t-testing for pairwise comparisons, with P < 0.05 denoting significance.
Results
Endothelial adhesion to pyrolytic carbon
We first tested the ability of EC to adhere to the surface of the Medtronic-Hall prosthetic valve disc, and whether this could be enhanced by pre-coating with extracellular matrix proteins with specific adhesion domains. When cultured in the presence of serum-containing media, all surfaces were fully covered in seeded EC after 24 h regardless of the presence or type of ligand coating; therefore we focused subsequent experiments within the first hour of adhesion. The percentage of adherent EC increased monotonically over time regardless of ligand type, including non-coated controls, but at each time point non-coated controls contained significantly fewer adherent EC than the other ligands (Fig. 1A) . We found that the rate of cell adhesion was greatest in the first 10 min for all ligands with the exception of the GFOGER peptide, which exhibited a more linear adhesion rate. Generally there was little change in relative adhesivity between ligands over time, with the exception of FN7-10, which supported the greatest adhesion at 10 min (27.5 ± 3% of original cells seeded) but only in the middle of the conditions by 50 min (41%). Analyzing this early adhesion period, we determined that the two fibronectin ligands supported greatest adhesion (50-and 36-fold greater than uncoated controls respectively, P < 0.05), while the two collagen ligands enhanced EC adhesion the least (25-and 13-fold greater than controls, respectively, P < 0.05). Interestingly, the GFOGER subunit supported less EC adhesion than the full-length collagen I, while the FN7-10 fragment supported more EC adhesion than the full-length protein. After 50 min of adhesion, however, both full-length collagen I and fibronectin supported the greatest adhesion (49.5% and 49.3% respectively), with no statistical difference between them. Laminin supported EC adhesion to a degree between collagen and fibronectin regardless of time point. Next, we determined how adhesion ligand coating concentration (an approximation of ligand density) affected EC attachment on the prosthetic surfaces. As expected, EC adhesion increased with ligand density for all ligands tested (Fig. 1C) . Statistical saturation of EC adhesion with each ligand was reached at 10 mg/mL coating concentration. At this concentration, there were no statistical differences in EC adhesion for any ligand (Fig. 1D ). These results demonstrate that pre-coating with adhesion ligands enhances EC adhesion in static culture, but with few differences between ligands greater than 10 mg/mL concentration and 1 h of seeding.
EC adhesion modification by protein adsorption
We next tested whether specific ligand types modify the adhesion strength of EC. We employed saturating (10 mg/mL) concentrations for each ligand, and seeded with confluent monolayers as previously described. Shear stress dependent adhesion followed sigmoidal curves with R 2 > 0.8 for each condition. We did not apply shear greater than 60 dyn/cm 2 , as fewer than 20% of the cells remained adhered at this magnitude regardless of adhesion ligand. We identified significant differences in adhesion strength of EC depending on the ligand to which they were adhered (Fig. 2) . Collagen I coating resulted in the highest adhesion strength (40.0 ± 1.8 dyn/cm 2 ), which was nearly 10-fold higher than uncoated controls (4.57 ± 1.2 dyn/cm 2 , P < 0.05). All other ligands created EC adhesion strengths in between these values, but none significantly different from each other. These results demonstrate that EC adhesion strength is modified by adhesion ligands, but regardless of ligand, ECM coating alone will be insufficient to support an EC monolayer under high shear environments experienced for mechanical valves.
Surface microchannel design
We therefore hypothesized that surface modification to reduce wall shear stress to levels experienced on the native valve (approximately less than 70 dyn/cm 2 [46, 47] ) would result in increased retention of seeded EC. We first conducted CFD simulations to generate rectangular channel dimensions that would result in low shear stress. Steady input flow rates of 70 mL/min were employed for both 2D (axisymmetric) and 3D (1/4 symmetric) simulations. In 2D geometric simulations, we determined that channel width, depth, and spacing all influenced the wall shear stress. Generally, wall shear stress reduced as the channel deepened, and vortical flow developed within the channel after 200 microns in depth. A second vortex formed beyond after 500 microns in depth (Fig. 3A) . For thin and shallow channels, wall shear stress was highly non-uniform particularly at the corners, but increased in homogeneity with depth and width. Furthermore, we determined that the spacing between the channel walls strongly influenced the shear stress within the walls. We identified a nonlinear relationship between channel width and spacing to maintain an average wall shear stress under 70 dyn/cm 2 ( Fig. 3B ).
Based on this data, we chose a channel width (400 mm), depth (700 mm), and spacing (75 mm) that predicted a uniform wall shear stress of approximately 20 dyn/cm 2 , which was the within the adhesion strength of the EC for all ligands tested, and also maximize the surface available for EC. We then tested this configuration in full 3D simulation. We found that 100% of the putative EC adhesion regions exhibited wall shear stresses under 70 dyn/cm 2 , and approximately 90% of the surface was 25 dyn/cm 2 or less. In general, the lower range of shear stress was located at the lateral edges of each channel, while higher shear stresses were present within some of the forward channels. These results supported our hypothesis that surface channel geometry can reduce wall shear stress and thereby better retain an endothelialized surface.
Surface comparison of carbonized silicon with prosthetic valves
We deposited approximately 75 nm of carbon on to the surface of silicon using the evaporation methodology. We first analyzed compared the surface elemental composition of our carbonized silicon surfaces against that of the Medtronic-Hall prosthetic valve. We found in both cases two single identical peaks, representing oxygen and carbon, respectively (Fig. 4A) . Carbon represented >90% of the surface elements, with 7.5% oxygen and trace amounts of aluminum and silicon also present. Most of the carbon was present as graphite, with some CeO bonds. The similarity between the two surfaces led us to hypothesize that they would support EC adhesion to the same degree. We compared the time dependent adhesion of EC to both surfaces coated with either fibronectin or collagen I. EC adhesion to all surface conditions increased with time, and there was no difference in adhesion between either ligand at any time point in the study (Fig. 4B) . These results show that EC adhesion onto carbonized channels would approximate that on the actual valve surface.
EC adhesion and coagulant phenotype within microchannels
CFD simulations determined that the maximum flow rate employable by the pump through the middle region of the bioreactor generated a uniform shear stress of approximately 600 dyn/ cm 2 , which was similar to those measured with prosthetic valves in vivo and in simulations and more than 10-fold higher than the adhesive peptide-mediated EC adhesion strength (Fig. 5A) . We then etched the selected channel dimensions across the full length of the 1 cm 2 surfaces. The process kept each channel cross-section rectangular (Fig. 5B) . After carbon coating, and then coating with either collagen I or fibronectin, EC were seeded to confluence. We found that EC adhered not only to the base of the channels, but also the sidewalls of the channels, effectively tripling the surface area of ECs present. After EC seeding, we applied maximum surface steady shear for 48 h. Endothelial retention on the flow surface (in between the channels) was nonexistent, but we found a confluent EC monolayer was retained within the channels, with no denuded patches found (Fig. 5C ). EC were also adhered along the channel walls from the surface to the base. Immunofluorescence staining determined that EC expressed tight junctions consisting of VEcadherin (VE-Cad), and expressed endothelial nitric oxide synthase (eNOS, Fig. 5D ). In static culture, EC robustly expressed plasminogen activator-inhibitor (PAI-1), a known inhibitor of fibrinolysis (Fig. 5E,F insets) . After 48 h of shear however, expression was almost completely abolished. This shear reduction was not significantly different whether the surfaces were coated with collagen I or fibronectin. As a final test, we exposed sheared and static control surfaces, both with and without adhesive ligand coating and EC seeding to freshly isolated human platelets (Fig. 6) . We found that platelet adhesion to bare carbon, collagen I (case 1), or fibronectin (case 2)I was extensive. While platelet adhesion to collagen I was slightly but significantly less than that of fibronectin (66.1 ± 39.8 vs. 106.5 ± 34.67 normalized counts, P < 0.05), neither was significantly different than bare carbon (147.5 ± 119). However, the addition of EC to the surfaces dramatically reduced the amount of platelets adhered over 100-fold (cases 3,4). No significant difference in reduction was found between collagen I or fibronectin precoating (0.36 ± 0.32 vs. 0.42 ± 0.22 normalized counts, P > 0.05).
As hypothesized, adherent EC exposed to chronic shear stress significantly reduced platelet adhesion further still (cases 5,6), which again showed no difference between adhesive peptide coating (0.20 ± 0.11 vs. 0.14 ± 0.13 for collagen I vs. fibronectin respectively). These results confirm that endothelial cells seeded within geometrically optimized channels remain adhered within chronic ultra-high surface shear stress environments and exhibit an anticoagulant phenotype.
Discussion
Heart valve disease is an increasing clinical problem for which there is no biologically based treatment [48] . Prosthetic replacement will likely be the mainstay for the vast majority of patients. Approximately 80% of valve disease patients in the Western world are over the age of 70, which at current rates suggest that prosthetic valve implantation will likely outlive the patient [49] . The undesirable limitations of lifelong anticoagulation therapy has steered an increasing proportion of these patients toward biological prosthetic valves, in particular for octogenarians and older who are considered high risk for open heart surgery. Nevertheless, about 30% of these patients continue to receive mechanical valve prosthetics for their superior mechanical durability and the near certainty of a single operation for the rest of the patient's life. The situation is more muddled for middle-aged patients, who are in general more active. The superior mechanical durability of a mechanical prosthesis is likely never to be matched by a bioprosthetic, but improvements in preparation strategies for bioprosthetics have rendered risks of coagulation events nearly non-existent [50] . In general, a mechanical valve is recommended if there are any comorbidities that suggest a risk of thromboembolism (e.g. atrial fibrillation), but otherwise a bioprosthetic is preferred. Bioprosthetic valves are not suitable for children and young adults who are highly active. While the Ross procedure, or pulmonary autograft, has received significant attention over the past 20 years for the ability to provide a living conduit with growth potential for the aortic valve, results to date indicate a significant number of these neo-aortic valves will degenerate while the patient is still young, creating a dual prosthetic condition [51] . For younger patients therefore a mechanical valve is a preferred choice. Importantly, the majority world has a significant and increasing burden for valve disease, for which much larger proportion of these patients are of an age where a mechanical valve would be the valve of choice [52] . Managing anticoagulation therapy in poor medical resource environments is tremendously difficult, but these patients have little choice. Design iterations to reduce the thrombogenic burden of mechanical valves have been largely static over the past 20 years, largely because the focus was to make the surface as inert as possible. Little attention has been given to a biohybrid approach that could combine the natural anticoagulant and antithrombotic characteristics of endothelium with the durability of the mechanical valve. Any reduction in coagulation burden while maintaining superior mechanical durability would dramatically improve outcomes for these patients, and expand the utility of this technology.
In this study, we systematically evaluated the potential for biological ligand specific endothelialization of mechanical valve prosthetic surfaces, using both actual mechanical valve (MedtronicHall) discs and carbonized silicon. As expected, seeding of endothelium on bare carbon resulted in virtually no EC adhesion after 1 h, but precoating carbon surfaces with adhesion ligands does dramatically improve EC adhesion and adhesion strength. It was somewhat surprising to us that the ligand type and concentration experiments did not exhibit wider effects on EC adhesion. We and others have reported that peptides with specific adhesion motifs such as GFOGER and FN [7] [8] [9] [10] confer greater adhesion than their fulllength proteins [38, 39] . Our data suggests that FN 7-10 supports most rapid EC adhesion, but GFOGER the slowest on pyrolytic carbon. After one hour, however, we found no difference in EC adhesion between ligand type, nor was there any ligand dependent difference in EC adhesion at saturating concentrations. While collagen I coating promoted strongest adhesion, no ligand type [41, 53, 54] . Our findings confirm and explain previous observations using EC cultured for two weeks on uncoated prosthetic valve surfaces. While EC were present in static culture, no EC remaining on the carbonized leaflets after 1-h implantation in the mitral position of a pig [36] . Two weeks culture is sufficient time for a variety of extracellular matrix ligands to be secreted [55] , but no identification of these were made in their study. This result suggests that mixing pre-adsorbed ligand types would not likely provide sufficient adhesion strengthening in this context [42] . We then hypothesized that local reduction of shear stress burden on EC would retain greater numbers of EC and thereby present an anticoagulant surface in ultra-high shear stress. Some previous studies employed microfabricated wells to promote docking of circulating cells for microfluidic assays, but this method required very low shear stresses (<0.05 dyn/cm 2 ), and the assistance of microfluidic valves [56] . We here identified empirical relationships between channel depth, width, and spacing that would reduce surface shear stress to within physiological levels on the valve leaflet surface (<7 Pa). We therefore chose dimensions that would maximize the surface available for EC adhesion (thinnest spacing with widest channels). These optimized microfabricated trenches resulted in retention of confluent EC monolayers despite over 600 dyn/cm 2 of shear stress at the valve surface for a chronic flow period (48 h). We are unaware of any other technique published that was able to retain EC within such a demanding hemodynamic environment. Recent studies evaluating the performance of drug eluting vascular stents have identified an increasing risk of late (>1 year post-implantation) in-stent thrombosis and neoatherosclerosis. Researchers have found that secreted anti-proliferative drugs impair endothelial coverage of the stent, and the endothelium that is present is significantly impaired in its ability to maintain normal vessel homeostasis [10] . Therefore, a complete and healthy endothelium needs to be present for therapeutic benefits to be realized and maintained long term. With our approach, we found no gaps in the endothelial retention under shear, and these EC expressed both endothelial nitric oxide synthase and VE-cadherin while almost eliminating the pro-thrombotic plasminogen activator inhibitor-1 (PAI1). Furthermore, EC coated channels exhibited near 1000-fold reduction in platelet adhesion over bare carbon. We did not detect a significant difference in platelet adhesion between coating with collagen or fibronectin. Platelets have adhesion receptors to matrix ligands including collagen I and fibronectin, and serum contains several adhesion ligands that readily adsorb to biomaterial surfaces [57, 58] Together these findings suggest that maintaining a lower shear stress environment is much more important for endothelial function than the type of adhesion ligand coating.
Conclusions
Our results advance a technology for improving mechanical valve non-thrombogenic performance through combining a protected but accessible confluent surface endothelium. The fact that endothelial cells sense and respond in real time to hemodynamic and biochemical changes in the blood stream to maintain hemostasis supports the potential to reduce the burden of pharmacological anticoagulation management. While it is possible to recruit circulating endothelial progenitors from the blood stream, for instance using CD34 ligands, our results demonstrate that platelet adhesion is rapid and significant without a confluent endothelial monolayer present. It is unlikely that development of a confluent endothelium within these channels in vivo will be possible, and even if so the timing to achieve such a covering may not result in a sufficiently healthy endothelium for long term function, as has been reported for cardiovascular stents [59] . Our results advocate for in vitro seeding to ensure complete coverage of the valve leaflet surfaces, which can be done routinely and within 24 h of implantation. It will be critically important to test this approach in the physiological setting with the full complement of blood components and native hemodynamic stress environments, but these mechanistic findings indicate a promising rejuvenation of an essential clinical material in our arsenal to treat cardiovascular disease.
